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INTRODUCTION 
More traits with discrete variation show sex-linkage in the common 
fowl than in any other domestic species of animals. Yet even in the fowl 
few studies on quantitative inheritance show clear-cut sex chromosome 
effects. This is because quantitative traits show continuous variation 
and hence do not segregate into discrete classes. Also information on 
both sexes is usually required to establish sex-linkage. In chickens 
the males are usually discarded at an early age. Furthermore, important 
economic traits such as egg laying are characteristic only in the female 
sex. Thus, in quantitative genetic studies while sex-linkage is usually 
ignored, its importance still needs to be established (Beilharz, 1962, 
1963) . 
Sex chromosomes in the avian species (and reptiles) are designated 
Z and W corresponding to the mamr.aalian X and Y sex chromosomes. The 
male in the fowl is the homogametic sex (ZZ) and the female is the 
heterogametic sex (ZW). 
There is reason to believe that sex-linkage may contribute sub­
stantially both to quantitative as well as qualitative traits (dwarfism, 
albinism, plumage and shank color). The Z sex chromosome is the fifth 
largest chromosome and comprises nearly ten percent of the total avian 
genome (Ohno, 1967). Although 39 pairs of chromosomes are reported in 
Callus domesticus, most of these are small concentrations of deoxyribo­
nucleic acid called microchromosomes (Shoffner, 1967). The major 
"functional" chromosomal material appears to be associated with six 
macrochromosomes described by Newcomer (1957) which correspond to the 
six-linkage groups reported by Hutt (1949). 
Among female progeny of the domestic fowl, a sex chromosome effect 
is determined by segregation of the sire's Z chromosome. Daughters 
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receive their Z chromosome from the sire (ZZ) and the W sex chromosome 
from the dam (ZW) . In contrast to the Z sex chromosome, the W sex 
chromosome contains no known alleles. A possible exception is a W 
sex-linked histocompatibility locus reported by Bacon and Craig (1966) 
but in a later report (Bacon and Craig, 1967) allelic differences for 
W-histocompatibility locus could not be demonstrated. Rather, in the 
second report they concluded that the histocompatibility gene was located 
on the Z sex chromosome. The W chromosome is only one fifth the size of 
the Z chromosome and at best has only "touch and go" pairing with the 
Z chromosome (Shoffner, 1966). Thus if there is no recombination 
between Z and W, independence of the genetic effects carried by each is 
insured. 
Extra chromosomal contributions are substantially greater from dams 
than from sires. The male gamete is comprised mainly of nuclear material 
(DMA). The female gamete contains, in addition to nuclear material, much 
more cytoplasm (yolk, albumen) used as nourishment for the developing 
embryo, and possibly for the transfer of antibodies or other types of 
cytoplasmic inheritance. 
Some maternal effects may be perpetuated over several generations 
if the early environment to which the dam is exposed influences her 
subsequent performance. Thus, the grand dam of the offspring exerts a 
direct effect through the dam on the phenotype of her daughters offspring 
(Willham, 1963). Such maternal effects may account for the "plasmon 
inheritance" reported in the fowl by Allen (1962). 
Maternal effects caused by the genetic constitution of the dam 
are expressed in the progeny as permanent environmental effects. In 
horses, reciprocal matings of the large Shire breed and the small 
Shetland pony have demonstrated that physical size of the dam limits the 
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size of her progeny; crossbred foals from the Shire dam were five times 
as large as foals from Shetland mares (Walton and Hammond, 1938). 
The genetic nature of reciprocal cross differences in quantitative 
traits has been clouded by a confounding of sex chromosome effects with 
maternal effects. In mammals there is a direct confounding since the 
female is the homogametic sex and transmits, in addition to sex-linked 
effects, a maternal influence. On the other hand, in the fowl there is 
a "cross confounding" since a pullet receives a Z sex chromosome from her 
sire but also any maternal effects of her dam. To interpret the results 
of reciprocal crosses, either maternal effects or sex-linkage effects 
must be assumed to be zero. 
It is possible to draw some inferences about sex-linkage and maternal 
effects from a statistical analysis of a population with known family 
structure. This is based on the assumption that the between group vari­
ance component equals the covariance component between members of the 
group (Falconer, 1960). In the case of hierarchical matings or factorial 
matings, sex-linkage is inferred when the sire component is larger than 
the dam component because sex-linked covariation is expected only in the 
sire component. Significance of maternal effects is deduced when the dam 
component is larger than the sire component of variance from a factorial 
type mating. In a hierarchical mating the dam component contains, in 
addition to a maternal effect, the dominance effects in the full sib 
covariation. 
Such statistical analyses have usually been based on intra-population 
variation. In a particular population if certain genes affecting a 
quantitative trait are fixed but yet located on the sex chromosome, no 
sex-linkage could be demonstrated by a statistical analysis of the data. 
Yet there may be large differences associated with the sex chromosomes 
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when inter-population data are considered. 
The main objective of this study was to compare the sex chromosome 
and maternal effects of two contrasting breeds. One breed, called a 
"heavy" breed, was developed from a Barred Plymouth Rock and Rhode Island 
Red cross. The other, called a "light" breed, was the Fayoumi originat­
ing from Egypt. 
By use of a special mating system the contrasting breeds were used 
to "blend" the autosomal effects of the two breeds but not the sex 
chromosome effects. Instead, the contrasting sex chromosomes were allowed 
to segregate without crossing over in order to measure their effects on 
quantitative traits. The population produced by the mating system was 
used to estimate the difference between the Z chromosome types. The 
estimate of the Z chromosome effect was then used to estimate the breed 
maternal effect present in the reciprocal crosses of pure breeds. 
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REVIEW OF LITERATURE 
Sex-Linkage of Classical Traits 
Sex-linkage in the fowl has been reviewed by Punnett (1940), Hutt 
(1949), Warren (1958), and Hutt (1960). There have been no confirmed 
reports of W sex-linked alleles. Although Bacon and Craig (1966) 
reported a W histocompatibility locus, this was later found to be linked 
to the Z chromosome (Bacon and Craig, 1967). Thus, in this review "sex-
linked loci" implies the Z chromosome unless otherwise specified. 
The first report of sex-linked inheritance in the fowl was that for 
barred and non-barred plumage by Spillman (1908). Spillman also was the 
first to present genetic evidence that the hen was the heterogametic sex. 
Although the inhibitor of derminal melanin Id was not confirmed as a 
sex-linked gene until Punnett*s book on fowl genetics in 1923, the 
sex-linked nature of Id was first recognized in certain crosses reported 
by Davenport (1906) and Bateson and Punnett (1911). Sixteen sex-linked 
loci reported in the literature are summarized in Table 1. 
The first crossover between barring B and silver S locus of the 
fowl was reported by Goodale (1917). Punnett (1919) suggested that 
sex-linked alleles could be used to identify pullets and cockerels. By 
introducing barring ^  allele into Silver Campines, Punnett and Pease 
(1930) produced the first autosexing breed, the Cambar. As more sex-
linked loci were reported, different combinations of the morphological 
markers were used to produce a variety of strains used for autosexing 
and establishing map distances based on frequency of crossovers. 
Sex-Linkage of Quantitative Traits 
Since the sex chromosome comprises an important fraction of the 
avian genome, its influence on quantitative traits should be more 
thoroughly studied. Aside from the reports of the classic morphological 
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Table 1. Sex-linked traits in 
segregation 
the chicken which show classic Mendelian 
Reference 
Spillman (1908) 
Sturtevant (1912) 
Serebrovsky (1922) 
Punnett (1923) 
Hertwig and Rittershaus 
(1929) 
Rittershaus (1930) 
Mac Arther (1933) 
Hutt and Sturkie (1938) 
Mueller and Hutt (1941) 
Munro (1946) 
Hutt (1949) 
Scott ejt al. (1950) 
Cole (1958) 
Somes and Smyth (1967) 
Somes (1970) 
Abbott et £l. (1970) 
Locus 
Barring (B), non-barring (b) 
Silver (S_), gold (s) 
Slow feathering (p, fast feathering (k) 
Inhibitor of dermal melanin (Id), 
dermal melanin fid) 
Light down (Li), brown down (li) 
No head streak (Ko). black head 
streak (ko) 
Light iris (Br). black iris (br) 
Full feathering (N), naked (n) 
Normal (Al), semi-albinism (al) 
Blue dilution (Sd), full color (sd) 
Normal body size (Dw), dwarf (dw) 
Non-shaker (Sh), shaker (sh) 
Normal temperament (Fx), paroxyism (px) 
Normal (Pn), prenatal mortality (pn) 
Non-bald, congenital baldness 
Normal embryo (Co), coloboma (co) 
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markers, few have dealt with sex-linkage of quantitative traits such 
as sexual maturity, egg production, body weight, mortality, and egg 
quality. 
Sexual maturity and egg production 
Hays (1924) reported age at first egg in Rhode Island Red hens is 
genetically controlled by two dominant genes, one of which is sex-linked. 
He postulated a recessive sex-linked allele e that delayed production to 
216 days of age. Based on the results of a cross between an early 
maturing White Leghorn and a late maturing Light Brahma, Waters (1934) 
concluded that the dominant sex-linked gene, postulated by Hays, was 
partly responsible for the early maturity of the crosses. Warren (1934) 
showed that reciprocal crosses between Rhode Island Red strains selected 
for early and late sexual maturity, reflected the maturity rate of the 
sire strain. In addition to this confirmation of sex-linkage. Warren also 
concluded that the locus for sexual maturity was between the loci for 
feather rate and plumage barring. 
Although variation in sexual maturity is partly determined by sex-
linked genes, Warren (1942) suggested that the same alleles are probably 
not segregating in all breeds. Rather, early maturity seems to be a 
fixed characteristic of light breeds as the Leghorn and late maturity a 
characteristic of the early developed strains of heavy breeds such as 
the Barred Plymouth Rock, Rhode Island Red, and New Hampshire. Thus, 
cross progeny from White Leghorn males mated to those heavy breeds are 
earlier maturing than the reciprocal crosses (Warren, 1942; Dudley, 1944; 
Kawahara and Ichikawa, 1960; and Hutt, 1962). Also Kawahara (1964) 
reported that back-crossed progeny containing sex chromosomes from the 
White Leghorn were earlier maturing. 
On the other hand, comparisons of reciprocal crosses between heavy 
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breeds and Leghorns show that the former may also transmit genes for 
early maturity. Barred Plymouth Rock sired cross progeny matured earlier 
than Rhode Island Red, New Hampshire, and White Leghorn sired cross 
progeny (King, 1951; Glazener £t al., 1952). 
Sex-linked effects have been deduced from statistical analyses of 
sexual maturity in family structured populations. Lerner and Taylor 
(1943) concluded that sex-linkage accounted for the larger sire than dam 
coefficient of determination. From analyses of variance, sex-linkage has 
been deduced from a larger sire than dam component of variance (Peeler 
e_t , 1955; Jerome et a_l., 1956). Hale (1961), Hale and Clayton (1965), 
and Saadeh (1967) also reported larger heritabilities for sire components 
than dam or full sib components. Lerner (1945) estimated that the sire 
component was 15 percent greater than the dam component of variance for 
sexual maturity. However in his study, year effects were confounded with 
sires which may have biased his results. 
King (1951) and Kawahara (1961) postulated sex-linkage for rate of 
egg production from reciprocal crosses between Barred Plymouth Rocks and 
Rhode Island Reds. Progeny from the Barred Plymouth Rock sires had 
higher egg production than the reciprocal cross progeny. Also Jerome 
e_t £l. (1956), Wyatt (1954), Hogsett and Nordskog (1958), and Goodman 
and Jaap (1961) reported larger sire than dam components of variance. 
Body weight 
The sex chromosome has a marked effect on body size. Pullets of 
reciprocal crosses between bantams and large breeds show wide differences. 
Maw (1935) reported a dominant sex-linked inhibitor of body size in 
bantam sires when crossed to the large Light Brahma breed although both 
reciprocal crosses were intermediate in size. Similarly, sex-linkage for 
body size has been demonstrated when bantams are crossed with the large 
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Polish Greenleg female (Kaufman, 1948) and the Barred Plymouth Rock 
(Godfrey, 1953). Again, the reciprocal crossbreds were intermediate in 
size compared with the parents. Godfrey designated his allele as rg. 
Hutt (1949) reported a recessive gene ^  in both the New Hampshire 
and White Leghorn breed. In the Leghorn, ^  reduced body weight in 
homozygous males by 43 percent and in the hemizygous females by 26 to 30 
percent. The effect was a uniform shortening of the three major long 
bones in the birds. Heterozygous males were normal at 40 weeks of age 
(Hutt, 1959). 
Cutodio and Jaap (1970) used dwarf Leghorn dams and Sebright Bantam 
sires to produce males heterozygous for "the normal bantam allele" and 
the ^  allele. Pullets receiving the bantam allele from these heterozygous 
sires had 8 week body weights reduced by 8.7 percent, Thus, the bantam 
sex chromosome reduced growth much less than did the ^  allele when com-
-J-
pared to the normal Dw allele. 
Sex chromosome map distances relative to the ^  and K loci were 
similar for rg (Godfrey, 1953) and ^  (Hutt, 1959) which suggests possible 
allelism. Based on the report of Cutodio and Jaap (1970), either their 
"normal bantam allele" is the r£ allele reported by Godfrey (1953) or 
there may be four distinct alleles at the dwarf locus. 
Bohren and Jones (1964) found that barred progeny were heavier than 
non-barred progeny, even though the sex-linked barring gene came from the 
smallest grandparent. However, the reciprocal cross difference was not 
significant. Similarly Cock and Morton (1963) reported that the sex 
chromosome from the smaller of two lines used in reciprocal crosses in­
creased pullet weight by three percent. 
Statistical differences in 8 week weight between reciprocal crosses 
of Leghorns, heavy breeds, and the Fayoumi breed were reported by 
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Nordskog (1956). Sex-linked effects have also bean inferred from 
analyses of variance showing larger sire than dam components of variance 
in 8 to 10 week body weights (Thomas aj^., 1958; Goodman and Godfrey, 
1956; and Saadeh, 1967) and adult body weights (Jerome et, a^., 1956; 
Hogsett and Nordskog, 1958; King, 1961; Jaffe, 1966; Clayton and 
Robertson, 1966; and Saadeh, 1967). Even though large sampling errors 
may have accounted for part of the differences between sire and dam 
component of variance estimates, the consistency of the reports suggests 
that more than chance variation determined the differences. 
A highly significant difference for breed of sire but not for breed 
of dam led Beilharz and McDonald (1961) to propose a major sex chromosome 
difference in body weight between the White Leghorn and the Australorp. 
Earlier McDonald (1957) reported a single sex-linked gene or block of 
genes common to the White Leghorn breed which controlled body weight 
responses to methionine supplementation. 
Egg weight 
Ghigi (1948) reported a reduction in egg weight between reciprocal 
interspecies crosses of Callus sonnerati and Callus domesticus. Callus 
sonnerati sired cross progeny averaged 32.6 gm. eggs while the recipro­
cal cross progeny averaged 56.7 gm. eggs. No mention was made as to 
dominance or recessiveness of the trait. Lerner and Cruden (1951) 
inferred sex-linked effects on egg weight from a statistical analysis 
showing a "negative maternal effect" when the sire component of variance 
was larger than the dam component. Similar evidence for sex-linked 
effects on egg weight was reported by Osborne (1953, 1954), Wyatt (1954), 
Hogsett and Nordskog (1958), Hicks (1958), King (1961), Goodman and Jaap 
(1961), Redman and Shoffner (1961), and Van Vleck e_t al. (1963). Later 
Jaffe (1964, 1966) and Hale and Clayton (1965) also showed differences 
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between sire and dam components. Likewise Waring £t al. (1962) found 
sire components larger than dam components for egg mass. 
Mortality 
Cross progeny from Leghorn males mated to heavy breed females have 
higher mortality than the reciprocal cross progeny as reported by Warren 
and Moore (1956), Morris and Skaller (1958), Hutt (1962), and Beilharz 
and McDonald (1961). Nordskog and Phillips (1960) speculated that sex-
linked effects carried by Leghorn sires were responsible for the greater 
mortality in an experiment comparing reciprocal crosses between Leghorn, 
heavy, and Fayoumi breeds. Differences between the progeny from recipro­
cal crosses of the Fayoumi and the heavy breeds were not statistically 
significant. 
Hutt (1962) reported that high broodiness was associated with low 
mortality but in the data studied by Nordskog and Phillips (1960), this 
could not be demonstrated. However, Knox and Olsen (1938), Saeki (1957), 
and Hutt (1962) found broodiness to be sex-linked^. 
Egg quality and other traits 
For egg quality measurements including albumen height, Haugh units, 
and specific gravity, Redman and Shoffner (1961), Jaffe (1966), and 
Saadeh (1967) reported a larger sire than dam component of variance 
indicating that sex-linkage may be important. Krueger ejt al. (1963) 
reported that 53 percent of the increase in the albumen-yolk ratio was 
due to the sire component. However, he found wide variation between 
estimates obtained in each of two years. 
Other sex-linked effects have been reported for egg shell color 
(Redman and Shoffner, 1961), yolk riboflavin (Collins £t £l,, 1970), 
hemoglobin content of the blood (Cock and Morton, 1963), Newcastle virus 
hemagglutination scores (Reta et al^., 1963), and histocompatibility 
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(Bacon and Craig, 1967). 
Maternal Effect 
The detection of maternal effects in mammals has been aided by 
special experimental designs. A marked contrast was found in the maternal 
influence of Shire versus Shetland pony crossbred colts (Walton and 
Hammond, 1938). Regardless of the genetic makeup of the foal, the fetus 
at birth was proportional to the size of the dam. The influence of the 
dam on growth rate of the offspring was important to about 18 months of 
age. The difference between the reciprocal crosses appeared to be per­
manent; however after 18 months the growth rates were approximately the 
same. 
Mammalian researchers have used special techniques to distinguish 
prenatal from postnatal influences. Switching progeny between dams 
immediately after birth demonstrated the importance of postnatal effects, 
i^.£., dam's milking ability in sheep (Hunter, 1956), cattle (Joubert and 
Hammond, 1958), and mice (Cox e^ , 1959; White et al^., 1968). Cross 
breeding and surgically transplanted fetuses were used by Brumby (1960) 
to demonstrate the importance of prenatal maternal influence or intra­
uterine influence. Prenatal size may be the result of a negative 
correlation of maternal environment with prenatal growth (Brown and 
Galvez M., 1969). Thus, genes for prenatal growth may be balanced by 
genes conditioning intrauterine environment. 
In birds there seems to be little possibility for real postnatal 
maternal influence although prenatal maternal influences may be of 
importance. Krzanowska (1959) studied embryonic development of two 
breeds that differed in rate of growth and their reciprocal crosses. 
The rate of development of the reciprocal crosses was similar to the 
maternal breed and no heterosis or paternal effects were observed. 
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Sexual maturity and egg production 
King (1961) reported evidence for maternal effects on age at first 
egg and on egg production from a statistical analysis of data; he found 
larger dam than sire variance components. In a later experiment, King 
et al. (1963) demonstrated important maternal effects on maturity and 
egg production. Beilharz and McDonald (1961) found a maternal influence 
on survivors egg production but not on maturity. 
Body weight and egg weight 
Chick growth was reported by Kosin £t al. (1952) to be influenced 
at an early age by egg size although breed and sex differences seemed to 
preclude generalizations. Hutt (1959) suggested a maternal limitation 
on heterozygous males from dwarf females. At one year of age, however, 
compensatory growth removed the dwarf female parent influence so that the 
heterozygous males were normal in size. The depressing effect of the 
dwarf hen on the growth of chicks was substantiated by Herat (1970). He 
used a restricted test design. From sires heterozygous for the ^  allele 
normal and dwarf hens differing only by the sex chromosome were produced. 
In addition to being retarded in growth, daughters of dwarf hens laid 
smaller eggs than daughters of normal hens (Merat, 1970). 
Maternal effects accounted for five percent of the variation in 
body weight of Leghorn pullets at 32 weeks of age in a study by Hazel 
and Lamoreux (1947). In similar studies Van Vleck e_t (1963), King 
e_t (1963), and Wearden e^ a_l. (1965) respectively reported 8 percent, 
13 percent, and 16 to 17 percent of the variation in 32 week body weight 
was controlled by maternal effects. 
Female, but not male progeny of the New Hampshire breed analyzed by 
Goodman and Jaap (I960) showed maternal effects at eight weeks for body 
weight. Differences between sexes were not explained. Body weights at 
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2, 3, or 4 weeks showed maternal effects as judged from heritabilities 
calculated from dam components of variance (Okada and Tsutsumi, 1963). 
Mortality 
Greater mortality from Leghorn sire x heavy dam progeny than the 
reciprocal cross was reported by Warren (1942), Nordskog (1956), 
Nordskog and Phillips (1960), and Allen (1962). Although sex-linkage 
of mortality was not ruled out, Warren and Moore (1956) recommended that 
Leghorn females rather than males be used for crossbreeding since their 
mortality rates were lower. Kawahara (1960) reported that susceptibility 
to visceral leucosis was determined more by maternal factors than sex-
linkage when Barred Plymouth Rocks were crossed with White Leghorn sires. 
Moultrie e_t al. (1953) crossed a "resistant" strain to a commercial 
egg laying strain with average livability to determine the importance of 
the maternal effect on viability. In no instance did adult mortality of 
the interstrain hybrids differ significantly from its corresponding 
female pure strain. Similarly crossbred and pure breed comparisons from 
Australorp hens and Leghorns showed greater mortality in progeny of the 
Australorp hen than from the Leghorn hen (Morris and Skaller, 1958; 
Beilharz and McDonald, 1961). Mortality differences in the Morris and 
Skaller report were not as pronounced as in that of Beilharz and McDonald. 
A maternal effect on mortality was inferred from a statistical 
analysis of hen house mortality by Hale (1954). However, since his 
study was based on a nested analysis of variance, the dam component 
would also contain dominance and epistatic variances as well as maternal 
variance. 
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MATERIALS AND METHODS 
Genetic Stocks 
Breeds and markers used 
The sex chromosome sources for this study came from two breeds 
differing markedly in performance and with contrasting sex-linked markers. 
In this study the word "breed" is used for convenience to define a popu­
lation with distinct characteristics of body size, conformation, plumage 
and shank color but it does not necessarily refer to an officially 
recognized breed. The light breed, FA, is the Fayoumi imported from Egypt 
in 1949 by Iowa State University; it is characterized by small body size, 
silver and black plumage with green shanks (Figure la). The heavy breed, 
WE, is a synthetic strain developed by crossing the Rhode Island Red with 
the Barred Plymouth Rock (Figure lb). It is large in body size and has 
gold barred plumage with yellow shanks. 
The sex chromosomes originating from breed FA will be referred to 
as "light type" (Z^), and those from breed WE as "heavy type" (Z^) . It 
should be understood that type designation is not determined by body 
weight but by plumage and shank color (Figure Ic). Thus the light type 
(Z^) is marked with genes for silver plumage and dark shanks (melanin) -
either green or slate. The heavy type (Z^) is marked with the contrast­
ing genetic markers of gold barred plumage and yellow shanks (non-melanin). 
The alleles in the original breeds are listed in Table 2. Capital­
ized letters designate dominant and the lower case letters recessive 
alleles. Map distance is the relative distance between alleles based 
on frequency of crossing over. The phenotypic expression of sex-linked 
feather rate seemed to be influenced by other alleles segregating in the 
F^ reciprocal cross progeny; therefore its use as a genetic marker to 
identify sire type was abandoned in favor of identification by plumage 
Figure la. The light breed, FA, used 
as source of light type sex 
chromosome 
WcfxF? 
/W Spx Chrom) Fcf X W9 Cf Sex Chrom\ 
Figure Ic. Heavy type, WE x FA, CH-1, 
CH-2 progeny on the left; 
Light type, FA x WE, CH-3, 
CH-4 progeny on the right 
Figure lb. The heavy breed, WE, used 
as source of heavy type sex 
chromosome 
a\ 
Figure Id, Identification of sex 
chromosome type is readily 
apparent for these 4 week 
old chicks 
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Table 2. Sex-linked markers used to identify sex chromosome type 
Crossover unit Alleles from 
Locus map distance FA (Z^) WE (Z^) 
Plumage pattern 
Barring (B) vs. non-barring (b) 
Shank color 
Non-melanin (Id) vs. melanin (id) 
Plumage color 
Silver (S^) vs. gold (^) 
Feather rate 
Late (K) vs. early (k) 
and shank color only; the latter were readily identifiable at 2 to 4 
weeks of age. Figure Id shows how readily identifiable 4 week old chicks 
are on the basis of plumage and shank color. 
Offspring of the Z sex chromosome type were further classified by 
subtype by the W sex chromosome of the dam. For example, in the PX 
diallel set, progeny of the FA sire would be classified as light type, 
but the subtypes Z^W^, Z^W^ would distinguish the purebred FA from the 
FA X WE crossbred progeny. Likewise, progeny of the WE sire would be 
heavy type but subtype Z^W^ distinguishes the WE x FA progeny from 
purebred WE, subtype Z^W^. 
The symbols used to designate the source of autosomes and sex 
chromosomes are presented in Table 3. Purebred males and purebred females 
were mated in a diallel system (Table 4) to produce the pure and crossbred 
progeny specified as the PX diallel set. Subtypes of the PX progeny are 
identified by breed or cross designation. Synthetic sublines, corres­
ponding to the four different subtypes, were developed by a second diallel 
set (Table 5) identified as CH. Sublines of CH progeny are designated 
by numbers 1, 2, 3, and 4. Pullets of the synthetic sublines, CH-1 and 
10 
b 
id 
B 
Id 
53 
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Table 3. Genetic composition of breeds, crosses, and segregating 
sex chromosome lines 
Female 
Diallel Genetic 7o Autosomes sex chromosome Description 
set type FA WE (subtype) male female 
PX FA 100 0 
"l 
100-Z^Z^ 100-Z^W, 
WE 0 100 
^2 ^2 
O-Z^Z, 0-Z2"2 
FA X WE 50 50 
"l "2 
(50-Z^Z2)b 50-Zl"2 
WE X FA 50 50 
'2 
(SO-Z^Zg)^ SO-ZgW^ 
CH CH-1 50 50 
'1 "2 
SO-Z^Z^ 50-Z^W^ 
CH-2 50 50 
"1 
50-Z^W^ 
CH-3 50 50 
^2 ^2 
(so-z^z^yb SO-ZgW^ 
CH-4 50 50 
^2 "1 
so-z^Z; 50.Z2W1 
^The number designates the percentage of autosomes relative to the 
light breed (FA). The letters designate the sex chromosome constitution. 
The male progeny were discarded since they were heterozygous for 
the Z sex chromosome. 
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Table 4. Purebred and cross diallel set (PX) 
Sires 
Light 
FA 
100-Z^Z^ 
Heavy 
WE 
0-2,2, 
Dams 
Light Heavy 
FA 
100-Z^W^ 
FA 
100-Z^Z^cf 
100-Z^W^9 
WE X FA 
50-Z^W 9 
WE 
0-Z2»2 
FA X WE 
SO-Z^W^? 
WE 
O-ZgZgd" 
Table 5. Segregating sex chromosome diallel set (CH) 
Dams 
Light Heavy 
FA x WE 
SO-Z^W, 
WE X FA 
SO-ZgW^ 
Sires 
Light 
CH-1 
'"-Vi 
Heavy 
CH-4 
CH-1 
50-Z Z or 
50-Z^W 9 
CH-2 
50-Z 
CH-3 
50-Z W 9 
2 2 
CH-4 
50-Z,",? 
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CH-2 have the same sex chromosome but different W sex chromosomes. 
These are designated Z-^2 ^.nd Similarly sublines CH-3 and CH-4 
are Z2W2 and Zg^i, respectively. 
Development of segregating sublines 
The synthetic line (CH) segregating for Z and W sex chromosomes was 
derived from an cross and a sequence of backcrosses to the original 
breeds, FA and WE. The breeding scheme provided for segregation of the 
sex chromosomes without crossing over but with approximately equal rep­
resentation of autosomes (A) from the two breed sources. The complete 
breeding scheme used to develop the sublines segregating for the two 
sources of sex chromosomes and to maintain the purebreds and reciprocal 
crosses is shown in Figure 2. The PX diallel set is represented by 
rectangles and the CH diallel set is represented by ellipses. 
Five generations were required to produce the complete CH diallel 
set (Figure 2). During its development no data was collected on the CH 
population. The first generation (1964) was produced by the diallel 
mating system illustrated in Table 4. 
The backcross of the F^ reciprocal cross female progeny to purebred 
male progeny produced the second generation of progeny in 1965 (spring 
hatch). The male progeny of this backcross were homozygous for the Z 
sex chromosomes, but the expected autosomal constitution of the purebreds 
was 3 to 1. At this stage of development of the CH line crossovers of 
the sex chromosome were ignored since such crossovers would be intra-line. 
Female progeny of the reciprocal cross matings were discarded at hatching. 
The third generation was produced in 1965 (fall hatch) by further 
backcrosses of male progeny containing the homozygous Z sex chromosome 
to female progeny from purebred and F^ reciprocal crosses so the auto­
somal constitution of the purebreds was 5 to 3. Male progeny were saved 
from the backcross to the F^ dams and female progeny were saved from the 
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SOLID LINE = MALE PARENT 
DASHED LINE = FEMALE PARENT 
GENERATION 
0 2 3 4 
YEAR 
1963  1964  1965-S 1965-F  1966 
Figure 2. Development and maintenance of the CH segregating line, and maintena 
the CH diallel set and the rectangles the PX diallel set.) 
J 50 - Z, Z, 
50 - Z, W, 
rA X KL FA >: «1 
W W, y 
I-A •: Wt 
SU- w, y %  - z ,  w ,  &  
FS 
w o - z ,  jlOO - l\ «, V 
FA 
lun-AZ,A 
100 - z; X, y 
Wl - FA 
V.l - Z, K, V 
W[ X FA 
bO - I, w, y 
WE % FA 
0 - Z, W, Î 
1 50 • z, K.. t 
\50 . Z, Z, 
4 
1966 
5 
1967 
6 
1968 
7 
1969 
ating line, and maintenance of the pure breeds (The ellipses represent 
diallel set.) 
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backcross to purebred females. 
Matings of the third generation male and female progeny of the same 
Z sex chromosome genotype produced the fourth generation in 1966. The 
expected proportion of autosomes of the two breeds was 1 to 1 in the male 
and female progeny; yet the sex chromosomes from the two pure breeds 
remained intact. The 1966 progeny were mated in diallel fashion to pro­
duce the fifth generation. The fifth generation was the first test year, 
1967. 
After 1967, the CH line was maintained by the diallel system of 
mating outlined in Table 5. In each year the reciprocal crosses were 
used as dams to insure that the sex chromosomes were still representative 
of the pure breeds but at the same time that the autosomes of the two 
breeds would be equally represented. In addition all cells were balanced 
across years and hatches were balanced across cells. 
The number of breeders and approximate number of pullet progeny 
produced are listed in Table 6. The design of the diallel mating scheme 
made it possible for the same sires and the same dams to produce two 
subtypes. For each generation, where two subtypes were produced, the 
superscript in parenthesis identifies the common parent. In the first 
generation (1964) there were eight breeding pens, four headed by purebred 
WE males, and four headed by purebred FA males. Each pen had dams of 
both pure breeds. Thus, the FA males sired 62 FA pullets from 12 FA dams 
and 131 FA x WE pullets from 20 WE dams. 
The CH diallel sets in years 1967, 1968, and 1969 were produced from 
ten pen matings. Each pen had a light type sire (Z^Z^) and a heavy type 
sire (Z2Z2). Both sire types were mated to hens of both types (Z^Wg 
and Z2^i) by artificial insemination. Thus, in 1967 ten light type 
males sired 138 Z^Wg subtype and 108 Z^^W^^ subtype pullets, while 40 
light type hens left 138 Z^W^ and 84 Z^W^ progeny. 
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Table 6. Numbers of breeders and progeny produced 
Generation Genotype of progeny^ Pullets Parents 
and year Male Female hatched Sires Dams 
100-Z z 100-Z 62 4" 12 
105 4' 
U 
19 
(50-Z Z ) 
d 
50-2^*2 131 
D 
20 
(SO-Z^Z^) so-z^w^ 91 
C 
15 
2 
Spring 1965 
100-Z^Z^ lOO-Z^W^ 57 3 16 
o-:2"2 93 4 16 
(50-Z^Z^) SO-Z^Wg 29 2 5 
(SO-Z^Zg) 50-Z2W1 35 2 11 
75_ZiZ^ 37 2 14 
25-Z^Z2 ( 2 5 - Z V ^ f  38 2 14 
^100-Z^Z^ means males with 100 percent autosomes of the FA breed and 
Z^Z sex chromosomes originating from the FA breed. O-ZgWg ™6ans females 
with 0 percent autosomes of the FA breed (i.e., all autosomes of the WE 
breed) and Z^ and sex chromosomes from the WE breed. 
b 
Common FA sires. 
c 
Common WE sires. 
^Cockerels heterozygous for Z type were discarded. 
^Pullets were discarded and only one cockerel per dam was saved. 
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Table 6 (Continued) 
Generation Genotype of progeny^ Pullets Parents 
and year Male Female hatched Sires Dams 
3 
Fall 1965 
4 
1966 
5 
1967 
100-Z^Z^ 100-Z^W^ 130 4 17 
O-Z^Z; 0-Z W 
2 2 
209 8 29 
62.5-Z^Z^ (ôa.s-z^w,)® 178 4 14 
62.5.222, (62.5-22*^ )2 123 4 17 
(37.5-Z^Z^) 37.5_ZiW2 121 3 14 
(37.5-Z^Z2)* 37.5-Z2W^ 92 3 7 
100-Z^Z^ 100-Z^W^ 214 6 63 
0-22=2 0-ZJW. 
2 2 
198 4 35 
50-2^:^ SO-Z^W, 338 4 43 
5O-Z2W1 172 4 35 
100-Z^Z 100-Z^W^ 159 8^ 37 
0-Z2W2 246 
8^= 
L, 
43 
(SO-Z^Z^) 50.Z^W2 100 
D 
23 
(SO-Z^Z^)^ so-z^w^ 144 
C 
f 
24 
50-Z^Z^ 
(50-2 Z)4 
A  
50-Z W 
1 2 
50-Z^W^ 
138 
108 
10 
f 
10^ 
i 
40^ 
40^ 
(SO-Z^Z,) 50-Z W 
2 2 
84 __8 
50-2,22 so-z^w^ 104 
h 
Common light type sires (CH-1) 
g 
Common light type dam. 
Common heavy type dam. 
^Common heavy type sires (CH-4), 
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Table 6 (Continued) 
Generation Genotype of progeny^ Pullets Parents 
and year Male Female hatched Sires Dams 
6 
1968 
7 
1969 
100-Z Z lOO-Z^W^ 109 
°-Y2 150 
(50-2^2^) so-z^w^ 114 
(SO-Z^Zg) 50-:2"l 120 
50-Z^Z^ 50-Z W„ 
1 2 
279 
(SO-Z^Z^) 
J 
50-Z^W^ 269 
(SO-Z^Z^) u SO-Z^W, 241 
SO-Z^Z; so-z^w^ 243 
lOO-Z^Z^ 100-Z 106 
O-Z^Z; 
J 
0-z^w^ 91 
(SO-Z^Z,) 
Q 
A  
SO-Z^Wg 83 
(fO-Z^Zg) SO-ZgW^ 118 
50-Z^Z^ 
A  
50-Z^W^ 107 
(SO-Z^Z^) 50-Z^W^ 96 
(SO-Z^Z,) 50-Z^W^ 77 
SO-ZgZ^ 50-Z W, 
2 1 
93 
4 
4 
4 
4 
10^ 
f 
lo' 
10 
10 
38 
45 
50 
38 
40 
40^ 
g 
h 
.g 
h 
b 
29 
c 
22 
b 
24 
c 
24 
f 1 O
 OQ
 
f h 
31 
i __g 
i h 
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Statistical Methods 
Statistical model 
th 
Let 0.be an offspring in a diallel set from the i sire type, 
the dam type, in the year replicate. Then 
°ijki ° + "j ^ + \ + 
where 
S. = effect of the i*"^ sire type; i = 1 (light type), 2 (heavy type) 
D. = effect of the dam type; j = 1 (light type), 2 (heavy type) 
th (SO).. = effect of the ij subtype; ij * 1, 2, 3, 4 
th 
= effect of the k replicate; k = 1, 2, 3 
E , = error of the k^^ replicate of the ij^^ subtype 
th 
e , , = subsample effect of the 1 offspring; 1 = 1, 2 ..., n . 
ijkl 
If cell means, C are considered instead of the individual observations 
ijk. 
the model becomes 
V. = S. + D.+ (SD)..+ + 
ijkl 
If n is large, the subsample error variance would be negligible. The 
statistical model is presented in diallel form in Table 7. The C. 
ijk. 
means are replaced by X and Y to distinguish the PX and CH diallel 
ijk ijk 
sets. 
Table 7. Diallel design of model 
Purebred and F cross 
diallel set (PX) 
Segregating sex chromosome 
diallel set (CH) 
Dams Sire Dams Sire 
Light Heavy Means Light He aw Means 
Light 
Sire 
Xllk *12k *l.k ^llk ^Uk ^l.k 
Heavy 
Sire ^2 Ik *22k ^2.k ^2 Ik ^22k ^2.k 
Dam 
Means *.lk *.2k \.k ^.Ik ^.2k \.k 
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Genetic model 
By the nature of the matings, part of the variation in the two 
diallel sets would be due to segregation of the same types of sex chromo­
somes. On the other hand, the FX diallel set but not the CH diallel set 
would contain variation due to heterosis. Thus, a diallel cell mean 
obtained by averaging over replications, C.. may be expressed in terms 
1J • 
of the expected genetic effects 
C.. = [j,+ Z. + W,+ M. + A. + A.+ H., 
IJ • i J J 1 J WJ 
where 
(i = diallel set mean 
Z. = the effect of the Z sex chromosome from sire type i 
W = the effect of the W sex chromosome from dam type j j 
M = the effect of the maternal breed of dam type j 
j 
A. = the effect of breed autosomes of sire type i 
A, = the effect of breed autosomes from dam type j 
H , = heterosis; the additional superiority obtained from 
crossbred progeny. 
The expectations for the PX and CH diallel sets are presented in 
Tables 8 and 9. The cells of Table 8 are summarized in a matrix of 
coefficients with the effects indicated in the top row. A heterosis 
effect is provided for in the reciprocal cross cells, ^21 
but not in the pure breed cells (X^^ and X^^ )• No heterosis is 
expected in the cells of the CH diallel set (Table 9) because the matings 
have no breed contrast. Moreover, there is no maternal breed difference 
since the dams have the same expected constitution except for the differ­
ent sex chromosomes. 
Expected value of sire type 
The expectation of the difference of sire type means in the PX 
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Table 8. Matrix of coefficients of expectations for the diallel set, PX 
Effect 
Cells 
^2 ^2 «1 ^2 
H 
%11. 
1 1 - 1 - 1 - 1 - -
%12. 
1 1 - - 1 - 1 1/2 1/2 1 
%2l. 
1 1 - 1 - 1/2 1/2 1 
*22. 
1 - 1 - 1 - 1 -
Margins 
1 1 - 1/2 1/2 1/2 1/2 3/4 1/4 1/2 
1 1/2 1/2 1/2 1/2 1/4 3/4 1/2 
%.l. 
1 1/2 1/2 1 - 1 - 3/4 1/4 1/2 
%.2. 
1 1/2 1/2 - 1 - 1 1/4 3/4 1/2 
X 1 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 
Table 9. Matrix of coefficients of expectations for the diallel set, CH 
Effect 
Cells 
^2 ^2 
^11. 1 1 - - 1 1/2 1/2 1/2 1/2 
^12. 
1 1 - 1 - 1/2 1/2 1/2 1/2 
^21. 
1 - 1 1/2 1/2 1/2 1/2 
1 1 - 1/2 1/2 1/2 1/2 
Margins 
1 1 - 1/2 1/2 1/2 1/2 1/2 1/2 
?2.. 1 1/2 1/2 1/2 1/2 1/2 1/2 
1 1/2 1/2 - 1 1/2 1/2 1/2 1/2 
Y.2. 1 1/2 1/2 1 - 1/2 1/2 1/2 1/2 
Y 1 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 
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diallei set contains, in adition to the difference due to the Z chromosome, 
one half the difference of the pure breeds since 
- 2 ^ ) +  (  2  )  '  ( 1 )  
The expected difference between sire means in the CH diallel set is due 
only to the Z chromosome since 
^1.. -^2..- ^ -V • ® 
Assuming that the sex chromosomes have the same effect in the PX 
diallel set as in the CH set, the expected sex chromosome effect may be 
removed from the PX diallel set. For the adjusted data, designated 
(PX-CH), the expected sire type difference would be equation (1) minus 
equation (2) 
A - A 
(X. - X ) - (Y - Y ) = (—:—) (3) 
JL # « ^ • J. # * 6  ^
which is an estimate of half the difference of the additive effects of 
breeds other than from sex chromosomes. 
Expectations of dam type 
The expected difference of dam type means in the PX diallel set 
contains in addition to the maternal type difference, one half the auto­
somal breed difference 
Ai - A 
X 1 - X 2 = (M^ - M^) + ( + (W^ - W^) • (4) 
If the W sex chromosome has a real effect, it is confounded with maternal 
type differences in the PX diallel set. 
The expected differences of the dam type means in the CH diallel set 
represents the W sex chromosome effect 
Y 1 - Y 2 = (^2 - wp . (5) 
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If the W chromosome effect is real and the same in both diallei 
sets, the adjusted data (PX-CH) should be calculated according to subtype 
classification, i.e., Z.W. expectation. The dam type difference of 
(PX-CH) would be estimated by 
».l. -^2,> - ®.2. 
Thus, the expected difference of the adjusted dam type represents the 
difference in maternal type plus half the difference in breed type. 
Assuming that equation (3) estimates the same additive breed effect 
found in equation (6), then the relative influence of maternal effects 
can be estimated. 
Expectation of sire type x dam type 
The expectation of the sire type and dam type interaction in the PX 
diallel set contains a heterosis effect from the reciprocal crosses, 
»12. ^ ^ "22.' = 
The expected interaction of sire type with dam type in the CH 
diallel set could also be estimated,from the difference of the 
diagonals. However, in the CH set the expected difference is zero, 
<^2. * '21.) - ^1. + '22.) = ° ® 
The sex chromosome effects (Z and W) were removed from the expectations 
of sire type x dam type interactions of the adjusted diallel set (PX-CH) . 
ThuSj in the adjusted diallel set the heterosis effect still remains. 
In other words, equation (7) minus equation (8) still equals (7) because 
the expected value of (8) is zero. 
Summary of expectations 
In terms of the expected contribution to the means (C . ) already 
• 
discussed, the effects in each diallel set are summarized in Table 10. 
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Table 10. Summary of expected values of C,. 
Parameter 
in the Diallel set 
model PX GH PX-CH 
|i X... Y... H/4 
^ a a 
S z -
a a 
D  m + w + —  w  m + ~  
SD H OH 
R 0 0 0 
E 0 0 0 
Table 11. Expected mean square composition 
Source d.f. 
2 2 
Sire type (S) 1 cr + 6 K 
2 2 
Dam type (D) 1 ^ ^  
S k D  1  C e  *  3  
2 2 
Years 3 Œ +4& 
2 
Error 6 cr ^ 
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Lower case designations are used to express the difference between 
effects, i.£., ' ^2~ ^1 ~ '^2 ~ cetera. 
Statistical analysis 
Since only two breeds were used in this study, sire types and dam 
types were considered fixed. The expected mean squares, presented in 
Table 11, were used to estimate the component of variance for types. 
Separate analyses were calculated for each of the diallel sets, PX, CH, 
and the adjusted set (PX-CH). The significance of the components was 
based on the ratio of the type mean square to the error mean square. The 
error mean square used in the analyses was the pooled two- and three-way 
interactions of years, sire type, and dam type. 
The observed variance components from the statistical analyses 
correspond to the effects presented in Table 10. Thus, the statistical 
significance of the sire type mean square in the CH diallel set infers 
a sex chromosome effect reflecting the difference between the sex chromo­
somes of the original two breeds. On the other hand, the statistical 
significance of the sire type mean square in the PX diallel set will also 
reflect an autosomal breed difference in addition to the sex chromosome 
difference since the PX set includes inter-breed effects. 
Effect estimators 
The parameter estimates are equal to one half the expected differences 
(equations (1) to (7) ) in order to comply with the restrictions necessary 
for statistical analysis. These parameter estimates, or effects, are 
deviations from the mean and must sum to zero. To clarify notation, the 
parameter estimate of the effect is symbolized by a hat O over the 
parameter notation, £.£•, to distinguish it from the expected differ­
ence represented by the lower case letters (Table 10). 
Effects were first estimated for the Z and W sex chromosome parameters 
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in the CH diallel set. The Z effect was then extrapolated to the PX 
i A A 
set to estimate the autosomal effect (A.) and the maternal effect (M.). 
1 1 
Even though the sampling errors of these estimates would be large, they 
should serve as a first approximation as to their relative importance. 
For example, the estimates should show whether breed effects due to the 
autosomes (S.) are greater than the heterotic effects (H). 
In the PX diallel set, the W sex chromosome effect (W.) was assumed 
to be zero and estimates from the CH set were not extrapolated to the PX 
set. The W, estimates from the CH set are presented for each trait to 
compare the magnitude of W to other parameter estimates assumed to be 
present in the PX diallel set. 
Relative contribution of effects 
To demonstrate the relative influence of the different parameter 
estimates on the various traits, the ratio of the parameter effect to the 
mean of the trait was computed. Since ratios do not have units, the 
different traits can be compared to determine which traits are the most 
likely to be subject to particular effects, , a sex chromosome effect. 
Effect of heterosis on body weight at different ages 
The relative contribution of heterosis at different ages was esti­
mated for body weight at 8, 22, 32, and 55 weeks of age. Heterosis is 
defined as the superiority of the progeny over the midparent mean. A 
ratio greater than 1 represents heterosis. The calculated ratio minus 1 
was plotted on age of the bird to show the change in heterosis on body 
weight with age 
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RESULTS 
Averages and Analyses of Variance 
Sexual maturity and production traits 
Sexual maturity is the number of days to first egg. Part record 
egg production is the average hen-day production from first egg to 
approximately 235 days of age. Total record egg production is the 
average hen-day production from first egg to approximately 455 days of 
age. Because the 1968-69 test was terminated early, total production 
was figured only to 385 or 400 days of age. 
The progeny of the heavy type sires averaged seven days earlier 
maturity than progeny of the light type sires in the PX diallel set and 
18 days earlier in the CH diallel set (Table 12). In the former set, 
however, the sire difference was not consistent over years in neither 
direction nor magnitude. In 1967 the heavy type progeny matured six 
days later than the light type progeny, in 1968 they were the same, and 
in 1969 the heavy type matured 24 days earlier. 
In the CH diallel set, the heavy type sire progeny consistently 
matured earlier than the light type sire progeny over the three year 
period (Table 12). The advantage of the heavy type ranged from 14 days 
to 22 days earlier maturity. Since differences in sire types were 
statistically significant at the P < 0.01 and accounted for 45 percent 
of the total CH variation (Table 13), an important part of the genetic 
variation in sexual maturity is evidently controlled by the Z chromosome. 
This is in accord with earlier reports that sex-linked genes control age 
at maturity (Hays, 1924; Warren, 1934; and Waters, 1934). Siegel (1963) 
also reported that the heavier line in his study matured earlier. 
Progeny from heavy type dams averaged six days earlier maturity in 
the PX diallel set and eight days earlier in the CH diallel set (Table 12). 
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Table 12. Age at sexual maturity (days) 
Pure and F cross 
diallel set (PX) 
Year Dams Sire 
1967 Light Heavy Means 
Light 
Sire 
216 185 199 
Heavy 
Sire 
181 226 205 
Dam 
Means 
198 206 202 
1968 
Light 
Sire 
185 164 175 
Heavy 
Sire 
168 182 174 
Dam 
Means 
177 173 175 
1969 
Light 
Sire 
236  186 211 
Heavy 
Sire 
186 188 187 
Dam 
Means 
211 187 199 
Pooled 
Av. 
Light 
Sire 
212 178 195 
Heavy 
Sire 
178 198 188 
Dam 
Means 
195 188 192 
Segregating sex clironiosome 
diallel set (CH) 
Ds 
Light 
ims 
Hi^avy 
Sire 
Means 
207 195 202 
179 180 180 
193 
CO 00 
191 
181 177 179 
167 164 165 
174 171 172 
209 197 203  
194 179 186 
202  188 195 
199 190 195 
180 174 177 
190 182 186 
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Table 13. Analysis of variance for age at sexual maturity 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 149.81 921 .90**  328.44 
Dam type 1 142.69 166 .81*  618.05 
S X D 1 2209.20* 10.49 2524.16* 
Years 2 904.59 564.02** 297.86 
Error 6 192.40 22.17 104.01 
Percent of variance components 
Sire type 0.0 45.21 0.46 
Dam type 0.0 7.27 4.88 
S X D 64.47 0.0 67.55 
Years 17.08 40.84 0.0 
Error 18.45 6.68 27.11 
* 
P < 0.05. 
** 
P < 0.01. 
Differences between dam types were statistically significant (P < 0.05) 
and accounted for seven percent of the variance in the CH set. The ad­
vantage in maturity was three days in 1968, five days in 1967, and 14 
days in 1969 for the heavy type dams of the CH diallel set. 
Differences between reciprocal crosses were small for sexual 
maturity in the PX diallel set (Table 12), The crosses consistently 
matured earlier than the purebred progeny. The statistical significance 
(P < 0.05) for the sire type x dam type interaction in both the PX 
diallel set and the adjusted set (PX-CH) demonstrated heterosis in the 
crosses. On the other hand, heterosis would not be expected in the 
CH diallel set because matings were intra-line. 
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Table 14. Part record hen-day production (percent) 
Pure and cross Si'xrc^;,ating sex ciironios^ouu' 
dlallel si't (PX) diali.'! sot (CH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means Linh t Heavy Means 
Light 
Sire 
60.4 62.7 61.4 63.0 67.2 65 .2  
Heavy 
Sire 
63.6 55.2 58.6 70.1 69.6 69 .9  
Dam 
Means 
61.4 58.6 60.0 66.6 68.4 67.5 
1968  
Light 
Sire 
60.8 57.2 63 .3  66 .9  65.7 66 .4  
Heavy 
Sire 
75.1 66.9 69 .9  73 .0  71.5 72 .1  
Dam 
Means 
67.1 66,0 66.6 70.0 68.5 69 .2  
1969 
Light 
Sire 
69 .1  66 .7  66.8 66 .9  58.6 64.1 
Heavy 
Sire 
67.8 71.3 69.1 68.8 69.8 67.8 
Dam 
Means 
67.1 68 .8  67 .9  62 .9  69.1 66.0 
Pooled 
Av. 
Light 
Sire 
62 .8  64 .9  63 .8  62.9 67.6 65,2 
Heavy 
Sire 
67.6 64.1 65 .8  70.1 69 .7  69 .9  
Dam 
Means 
65.2 64.5 64 .8  66 .5  68 .7  67.6 
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Table 15. Total record hen-day production (percent) 
Pure and F cross 
set (FX) 
Segregating sex c hroiDOSome 
diallel diallel set (CH) 
Year Darns Sire Dams Sire 
1967 Light Heavy Means LiKht Heavy Means 
Light 
Sire 
42.3 56 .9  50.5 47.1 54.8 50.7 
Heavy 
Sire 
59.6. 40.3 49.3 58.5 58.0 58.0 
Dam 
Means 
51.6 48.2 49 .9  52.4 56 .3  54.3 
1968 
Light 
Sire 
46.5 58 .4  52.3 58 .9  51.1 55 .2  
Heavy 
Sire 
58.7 51 .4  55.1 CI.6 62.8 62.1 
Dam 
Means 
52.5 55.0 53.7 60.4 56.8 58.6 
1969 
Light 
Sire 
50.5 66.6 58.4 57.2 57.8 57.5 
Heavy 
Sire 
61.8 64 .0  62.5 58.1 56.8 57 .5  
Dam 
Means 
Pooled 
Av. 
55.8 65.1 60.4 57.7 57.3 57.5 
Light 
Sire 
46 .8  60.7 53.7 54.4 54,4 54.4 
Heavy 
Sire 
59.8 51.5 55.6 59 .2  59.2 59.1 
Dam 
Means 
53.3 56.1 54.7 56.8 56.8 56.8 
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Part and total record hen-day production were 2.0 percent higher 
in the PX diallel set and 4.7 percent higher in the CH diallel set for 
the progeny of the heavy type sires (Tables 14 and 15). However, year 
differences in the PX set were inconsistent. In 1969 the PX heavy type 
sires had the lowest production, but in 1968 and 1969 they had the high­
est. In the CH diallel set, differences for the part record were con­
sistent and statistically significant (P < 0.01, Table 16), but for the 
total record in 1969 the superiority of the heavy type sires was markedly 
lower (P <0.05, Table 17). Likewise, sire type accounted for 66 percent 
of the total CH variance for part production, but only 35 percent of the 
variance for total production. The sire type variance in part record 
Table 16. Analysis of variance for part record egg production 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 14.08 98.61** 38.16 
Dam type 1 3.83 3.37 14.39 
S X D 1 31.23 1.56 18.85 
Years 2 79.17 10.32 94.37 
Error 6 17 .80  7.13 31.46 
Percent of variance components 
Sire type 0.0 65.79 2 .32  
Dam type 0.0 0.0 0.0 
S X D 11.91 0,0 0.0 
Years 40.78 3.45 32.56 
Error 47.32 30.76 65.22 
P < 0.01. 
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Table 17. Analysis of variance for total record egg production 
Source d.f, PX CH PX-CH 
Mean squares 
Sire type 1 18.01 69.5° 16,75 
Dam type 1 28.03 0.0 27,73 
S X D 1 373.64** 0.08 384,88* 
Years 2 122.58° 17.22 86,11 
Error 6 21.49 16.23 44,89 
Percent of variance components 
Sire type 0.0 35.01 0.0 
Dam type 0.66 0.0 0.0 
S X D 71.04 0.0 67.47 
Years 15.29 0.99 6.13 
Error 13.01 64.00 26.39 
°P < 0.10. 
* 
P < 0.05. 
** 
P < 0.01. 
production was probably inflated by the same factors that influenced the 
variance in early maturity. 
The two reciprocal crosses in the PX diallel set were in close 
agreement for total record production (Table 15). Even though the 1969 
purebred progeny had greater production than the progeny, the average 
of the F^ crosses was significantly higher than the midparent average 
(P <0.01), and accounted for 71 percent of the total variance (Table 17), 
In the adjusted (PX-CH) data the S x D interaction accounted for 67 per­
cent of the variance and was statistically significant (P <0.05). 
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Table 18. Body weight at 8 weeks of age (gm.) 
Pure and F cross Segregating sex chromosome 
diallel set (FX) diallol set (CH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means Lie h t Heavy Means 
Light 
Sire 
556 690 623 635 641 638 
Heavy 
Sire 
668 628 647 643 628 635 
Dam 
Means 
612 658 635 639 635 637 
1968 
Light 
Sire 
575 747 659 728 715 721 
Heavy 
Sire 
746 799 774 748 732 740 
Dam 
Means 
659 774 716 738 723 730 
1969 
Light 
Sire 
566 734 650 665 659 662 
Heavy 
Sire 
731 716 725 714 689 701 
Dam 
Means 
650 725 687 689 
1 1 1 1 
682 
Pooled 
Av. 
Light 
Sire 
566 724 645 676 671 674 
Heavy 
Sire 
715 714 715 701 683 692 
Dam 
Means 
640 719 680 689 677 683 
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Body weight and shank length 
Progeny carrying the heavy type Z chromosome averaged 70 gm. 
(Table 18) heavier than progeny with the light type chromosome for 8 week 
body weight (P < 0.05, Table 19). Much of the difference was accounted 
for by the 115 gm. difference in 1968 compared with only 24 gm. difference 
in 1967. In the CH diallel set the progeny with the heavy type sex 
chromosome (Z^) was 18 gm. heavier than the light type progeny. Although 
this difference was significant (P < 0.05), the progeny were 3 gm. 
lighter in 1967 (Table 18). 
Progeny of the PX heavy type dams averaged 79 gm. heavier than the 
light type dams. The range of differences was 46 gm. (1967) to 115 gm. 
Table 19. Analysis of variance for 8 week body weight 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 14708* 1015* 7995* 
Dam type 1 18468** 399 13439** 
S X D 1 18880** 148 22367** 
Years 2 6735* 8760** 362 
Error 6 1091 169 843 
Percent of variance components 
Sire type 16.69 5.65 10.54 
Dam type 21.30 1.53 18.56 
S X D 43.61 0.0 63,44 
Years 10.38 86.04 0.0 
Error 8.02 6.77 7.45 
* 
P < 0.05. 
** 
P < 0.01. 
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(1968). In the CH diallel set the dam type difference of only 12 gm. 
was not statistically significant. In the PX diallel set the average 
8 week weight of the reciprocal crosses was about the same but 
slightly larger than that of pure heavy breed progeny. The FA progeny, 
on the other hand, were always the lightest, averaging 566 gm. compared 
with 715 gm. for the F^ crosses and for the pure heavy breed (Table 18). 
Thus the average of the F^ crosses was heavier than the midparent; 
this likely accounts for the statistical significance of the sire x dam 
type interaction in the PX set (Table 19). In the CH diallel set there 
was no evidence of heterosis in 8 week body weight. 
Body weight measured at 22 weeks reflected the same direction of 
difference present at 8 weeks (Table 20); in the PX set heavy sire type 
progeny were heavier than light sire type progeny (P < 0.01, Table 21). 
In the CH set, although heavy type progeny were 0.2 lb. heavier, differ­
ences between sire types were not as great (0.05 > P < 0.10); neverthe­
less sire type differences accounted for 15 percent of the total variance 
(Table 21). 
For body weights at 32 and 55 weeks, measured in the CH diallel set, 
(Tables 22 and 23) differences between sire types were not significant. 
Although body weight of the heavy sire type progeny in the PX set was 
0.3 lb. heavier than the light type progeny at both 32 and 55 weeks, the 
sire type difference accounted for only 14 percent of the total variance 
at 55 weeks compared with 23 percent at 32 weeks (Tables 24 and 25). 
Shanks of the heavy breed, WE, were consistently longer than those 
of the light breed, FA (Table 26). Shanks of the F^ reciprocal crosses 
were longer than those of the WE breed. Thus the significant sire type 
X dam type interaction in the PX diallel set and in the adjusted (PX-CH) 
data indicates heterosis (Table 27). In the CH diallel set, the heavy 
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Table 20. Body weight at 22 weeks of age (lb.) 
Pure and K cross Segregating sex cliromustunc 
dialle] s.'t (PX) diallei set fCH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means LiRht Heavy Means 
Light 
Sire 
2.86 3.63 3.24 3.28 3.45 3.36 
Heavy 
Sire 
3.67 3.57 3.61 3.48 3.53 3.50 
Dam 
Means 
3.26 3.59 3.43 3.38 3.49 3.43 
1968 
Light 
Sire 
3.13 3.94 3.53 3.88 3.88 3.90 
Heavy 
Sire 
3.97 4.10 4.04 3.92 3.80 3.84 
Dam 
Means 
3.55 4.02 3.78 3.88 3.86 3.87 
1969 
Light 
Sire 
2.95 3.90 3.42 3.45 3.46 3.46 
Heavy 
Sire 
3.82 3.85 3.84 3.82 3.78 3.80 
Dam 
Means 
3.39 3.87 3.63 3.64 3.63 3.63 
Pooled 
Av. 
Light 
Sire 
2.98 3.82 3.40 3.54 3.60 3.57 
Heavy 
Sire 
3.82 3.84 3.83 3.74 3.70 3.72 
Dam 
Means 
3.40 3.83 3.61 3.63 3.66 3.65 
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Table 21. Analysis of variance for 22 week body weight 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 0.550** 
** 
0.072° 0.224* 
Dam type 1 0.559 0.0 0.589** 
S X D 1 0.508** 0.007 0.635** 
Years 2 0.125** 0.190* 0.010 
Error 6 0.005 0,014 0.019 
Percent of variance components 
Sire type 23.58 14.71 9.63 
Dam type 23.88 0.0 26.91 
S X D 43.52 0.0 58.07 
Years 7.77 64.70 0.0 
Error 1.30 20.59 5.38 
°P < 0.10. 
P <0.05. 
** 
P < 0.01. 
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Table 22. Body weight at 32 weeks of age (lb.) 
Pure and cross Segregating sex chromosome 
diallel set (PX) diallel set (ClI) 
Year Dams Sire Dams Sire 
1967 Lisht Heavy Means Light Heavy Means 
Light 
Sire 3.61 4.00 3.80 4.18 4.18 4.18 
Heavy 
Sire 3.85 4.06 3.96 4.10 4.13 4.12 
Dam 
Means 
3.73 4.03 3.88 4.14 4.16 4.15 
1968 
Light 
Sire 
3.81 4.15 3.97 4.34 4.42 4.38 
Heavy 
Sire 
4.12 4.46 4.30 4.23 4.15 4.19 
Dam 
Means 
3.96 4.31 4.14 4.28 4.29 4.28 
1969 
Light 
Sire 
3.54 4.34 3.94 3.95 4.02 3.98 
Heavy 
Sire 
4.23 4.36 4.32 4.42 4.33 4.37 
Dam 
Means 
3.90 4.36 4.13 4.18 4.17 4.18 
Pooled 
Av. 
Light 
Sire 
3.65 4.16 3.90 4.16 4.21 4.18 
Heavy 
Sire 
4.07 4.31 4.19 4.25 4,20 4.23 
Dam 
Means 
3.86 4.24 4.05 4.20 4.21 4.20 
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Table 23. Body weight at 55 weeks of age (lb.) 
Pure and F cross ' Segregating sex chromosome 
diallel set (PX) dialJel set (CH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means LiRht Heavy Means 
Light 
Sire 
4.03 4.43 4.23 4.47 4.50 4.49 
Heavy 
Sire 
4.36 4.32 4.34 4.34 4.38 4.36 
Dam 
Means 
4.19 4.37 4.28 4.41 4.44 4,42 
1968 
Light 
Sire 
3.85 4.70 4.27 4.84 4.94 4.88 
Heavy 
Sire 
4.28 4.75 4.52 4.61 4.54 4.58 
Dam 
Means 
4.07 4.72 4.40 4.72 4.74 4.73 
1969 
Light 
Sire 
3.76 4.52 • 4.14 4.25 4.18 4.22 
Heavy 
Sire 
4.44 4.63 4.54 4.52 4.41 4.62 
Dam 
Means 
4.11 4.58 4.34 4.38 4.30 4.34 
Pooled 
Av. 
Light 
Sire 
3.88 4.55 • 4.21 4.52 4.54 4.53 
Heavy 
Sire 
4.37 4.56 4.47 4.49 4.44 4.47 
Dam 
Means 
4.12 4.56 4.34 4.50 4.49 4.80 
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Table 24. Analysis of variance for 32 week body weight 
Source d.f. PX CH PX-CH 
Mean square s 
Sire type 1 0.221** 0,006 0.153° 
Dam type 1 0,407** 0.0 0.411* 
S X D 1 0.060 0.007 0.109 
Years 2 0.081° 0.020 0.042 
Error 6 0.016 0.032 0.038 
Percent of variance components 
Sire type 23.45 0.0 13.19 
Dam type 44.83 0.0 43.06 
S X D 9.66 0.0 16.67 
Years 11.03 0.0 0.67 
Error 11.03 100.0 26.39 
°P <0.10. 
*P <0.05. 
** 
P < 0.01. 
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Table 25. Analysis of variance for 55 week body weight 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 0.185* 0.012 0.291* 
Dam type 1 0.576** 0.001 0.541** 
S X D 1 0.161° 0.003 0,210* 
Years 2 0.012 0.172 0.114 
Error 6 0.027 0.030 0.035 
Percent of variance components 
Sire type 13.76 0.0 17.92 
Dam type 48.15 0.0 35.00 
S X D 23.81 0.0 24.17 
Years 0.0 53.85 8.33 
Error 14.29 46.15 14.58 
o_ 
0.10. P < 
* 
P < 0.05. 
** 
P < 0.01. 
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Table 26. Shank length at 22 weeks of age (cm.) 
Pure and F cross Segregating sex chromosome 
dlallel set (FX) dlallel set (CH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means Light Heavy Means 
Light 
Sire 
7.46 7.64 7.54 7.70 7.66 7.68 
Heavy 
Sire 
7.57 7.60 7.60 7.74 7.64 7.69 
Dam 
Means 
7.51 7.63 7.57 7.72 7.65 7.69 
1968 
Light 
Sire 
7.50 7.66 7.58 7.50 7.52 7.51 
Heavy 
Sire 
7.66 7.58 7.62 7.54 7.52 7.53 
Dam 
Means 
7.57 7.62 7.60 7.52 7.52 7.52 
1969 
Light 
Sire 
7.67 8.04 7.86 7.85 7.85 7.85 
Heavy 
Sire 
8.11 7.90 8.02 8.04 8.00 8.02 
Dam 
Means 
7.90 7.98 7.94 7.95 7.92 7.93 
Pooled 
Av. 
Light 
Sire 
7.54 7.78 7.66 7.69 7.68 7.68 
Heavy 
Sire 
7.78 7.71 7.75 7.77 7.72 7.75 
Dam 
Means 
7.66 7.74 7.70 7.73 7.70 7.71 
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Table 27. Analysis of variance for 22 week shank length 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 0.017 0.013° 0.0 
Dam type 1 0.017 0.003 0.006 
S X D 1 0.079* 0.002 0.103** 
Years 2 0.161** 0.174** 0.040 
Error 6 0.006 0.003 0.004 
Percent of variance components 
Sire type 2.74 4.17 0.0 
Dam type 2.74 0.0 13.51 
S X D 32.88 0.0 48.65 
Years 53.42 89.58 21.62 
Error 8.22 6.25 16.22 
°P < 0.10. 
* 
P < 0.05. 
** 
P < 0.01. 
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Table 28. Hen-housed mortality (percent) 
Pure and F cross Segregating sex chromosome 
diallel set (PX) diallel set (CH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means Light Heavy Means 
Light 
Sire 
10.3 11.6 10.9 20.2 12.8 15.2 
Heavy 
Sire 
22.2 32-3 27.3 24.1 14.4 18.5 
Dam 
Means 
16.4 21.8 19.1 20.9 12.8 16.8 
1968 
Light 
Sire 
8.8 21.0 15.9 8.5 14.8 11.8 
Heavy 
Sire 
28.0 20.2 23.4 5.5 17.2 11.2 
Dam 
Means 
1969 
19.4 19.9 19.6 7.1 15.9 11.5 
Light 
Sire 
23.7 5.3 14.5 12.1 15.6 13.6 
Heavy 
Sire 
19.4 11.6 15.2 13.7 9.6 11.7 
Dam 
Means 
Pooled 
Av. 
21.4 8.3 14.9 12.9 12.4 12.7 
Light 
Sire 
14.5 13.0 13.8 13.5 13.6 13.5 
Heavy 
Sire 
23.6 20.3 22.0 13.8 13.8 13.8 
Dam 
Means 
19.1 16.7 17.9 13.7 13.7 13.7 
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type sire progeny (Z^) had 0.17 cm. longer shanks in 1969 but only 0.02 
cm. and 0.01 cm. longer shanks in 1967 and 1968 respectively. Whether 
the heavy type (Z^) sex chromosome causes longer shanks remains doubt­
ful. The sex chromosome difference is statistically significant only 
at the 10 percent level and accounted for only four percent of the total 
CH variance for shank length. 
Mortality 
Mortality is defined as the percent of hens dying from the time of 
housing to the termination of the test. Because of the wide variation 
in percentage means, the data were first transformed to arcsin before 
statistical analysis. 
Table 29. Analysis of variance for hen-housed mortality (arcsin) 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 145.81 9.45 229.50 
Dam type 1 7.60 12.63 0.63 
S X D 1 0.01 3.69 3.34 
Years 2 16.09 60.24 82.36 
Error 6 45.89 47.53 69.28 
Percent of variance components 
Sire type 26.62 0.0 26.90 
Dam tyee 0.0 0.0 0.0 
S X D 0.0 0.0 0.0 
Years 0.0 6.27 3.29 
Error 73.38 93.73 69.80 
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No consistent differences were found for mortality. Mortality 
was lowest in the pure light breed FA in 1967 and 1968, but highest in 
1969. The heavy sire x light dam progeny (WE x FA) always had the highest 
mortality, although in the 1968 data (Table 28) the differences were small. 
This suggests that the heavy type sex chromosome increases mortality; 
yet sex chromosome effects on mortality were not consistent in the CH 
diallel set arid therefore nonsignificant (Table 29). In the CH diallel 
set, mortality averaged over three years was nearly the same for all 
sublines. Year effects, however, were large (Table 28), 
Egg weight 
In the PX diallel set, egg weight of the light breed sire progeny 
was 1.2 gm. heavier at 32 weeks than the heavy breed progeny (P < 0.05). 
In the CH diallel set, differences in sire type were insignificant. 
There is a suggestion for a W sex chromosome effect on 32 week egg 
weight (Table 30). In the CH set, progeny of the light type dams had 
the higher egg weight (P <0.10). The light type female progeny, derived 
from the heavy breed dams of the previous generation, had sex chromo­
somes. The progeny of the heavy breed dams, Z^W^, in the PX set also 
had 2 gm. heavier eggs than progeny of the light breed dams, Z^W^, 
(P < 0.01). In the (PX-CH) diallel set corrected for W sex chromosome 
constitution, differences in dam type were not significant which further 
suggests some influence of the W chromosome on egg weight. 
For egg production and body weight in the PX diallel set, differences 
between the F^ reciprocal crosses were small. However, egg weight was 
consistently higher for the light sire x heavy dam progeny (FA x WE) than 
for the reciprocal cross in all three years (Tables 30 and 31). The pure 
light breed progeny (FA) had consistently the lowest egg weights and thus 
sire type x dam type interaction was significant at 32 weeks (P < 0.01) 
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Table 30. Egg weight at 32 weeks of age (gm.) 
Pure and F cross Segregating sex chromosome 
diallel set (PX) diallel set (CH) 
Year Dams Sire Dams Sire 
1967 Light Heavy Means Light Heavy Means 
Light 
Sire 
49.4 52.3 50.9 52.0 51.0 51.5 
Heavy 
Sire 
49.2 48.5 48.9 50.7 48.8 49.7 
Dam 
Means 
49.3 50.4 49.9 51.4 49.9 50.6 
1968 
Light 
Sire 
48.6 52.8 50,7 51.4 50.9 51.2 
Heavy 
Sire 
49.9 50.6 50.3 50.1 49.3 49.7 
Dam 
Means 
49.2 51.7 50.5 50.7 50.1 50.4 
1969 
Light 
Sire 
50.0 54.0 52.0 50.8 48.4 49.6 
Heavy 
Sire 
50.5 51.3 50.9 51.2 50.1 50.7 
Dam 
Means 
50.2 52.7 51.4 50.9 49.3 50.1 
Pooled 
Av. 
Light 
Sire 
49.3 53.1 51.2 51.3 50.2 50.7 
Heavy 
Sire 
49.9 50.1 50.0 50.7 49.4 50.0 
Dam 
Means 
49.6 51.6 50.6 51.0 49.8 50.4 
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Table 31. Egg weight at 55 weeks of age (gm.) 
Pure and F cross Segregating sex chromosome 
diallel set (PX) diaLlel set (CH) 
Year Dams Sire Dams Sire 
1967 LiRht Heavy Means Light Heavy Means 
Light 
Sire 
53.7 57.0 56.3 57.3 55.7 56.5 
Heavy 
Sire 
56.0 51.9 54.0 54.1 54.8 54.5 
Dam 
Means 
55.7 54.5 55.1 55.7 55.2 55.5 
1968 
Light 
Sire 
55.8 58.5 57.2 59.3 58.3 58.7 
Heavy 
Sire 
59.1 58.0 58.5 59.0 56.9 58.0 
Dam 
Means 
57.5 58.3 57.9 59.1 57.6 58.3 
1969 
Light 
Sire 
57.0 59.7 58.3 57.8 55.7 56.8 
Heavy 
Sire 
56.9 58.5 57.6 57.7 57.6 57.7 
Dam 
Means 
56.9 59.0 57.9 57.7 56.7 57.2 
Pooled 
Av. 
Light 
Sire 
56.1 58.4 57.2 58.0 56.6 57.3 
Heavy 
Sire 
57.2 56.2 56.7 56.9 56.4 56.7 
Dam 
Means 
56.7 57.3 57.0 57.5 56.5 57.0 
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and at 55 weeks (P < 0.05). In the adjusted set (PX-CH), significance 
of the sire x dam type interaction was less although the percent 
of variance was not; this indicates that heterosis was still 
present (Tables 32 and 33). A second look at Tables 30 and 31 
reveals that the subtypes also had the highest average egg weight 
for each year in the CH diallel set. The Z^W^ subtype is represented by 
the FA X WE cell in the PX set and by the light sire type x light dam 
type in the CH set. Although there is no significant interaction in the 
CH set, the adjusted data (PX-CH) provides for both additive and epistatic 
corrections of and chromosomes on egg weight. Thus, it may be 
possible that the W chromosome of the heavy breed and the Z chromosome 
Table 32. Analysis of variance for 32 week egg weight 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 4.24* 1.61 0.63 
Dam type 1 11.98** 5.08° 1.46 
S X D 1 8.72** 0.0 8.70° 
Years 2 2.57* 0.26 4.49 
Error 6 0.43 1.02 1.46 
Percent of variance components 
Sire type 10.16 5.03 0.0 
Dam type 30.63 37.99 0.0 
S X D 43.81 0.0 52.05 
Years 8..57 0.0 16.41 
Error 6.83 56.98 31.53 
°P< 0.10. 
* 
P< 0.05. 
** 
P< 0.01. 
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Table 33. Analysis of variance for 55 week egg weight 
Source d.f. PX CH PX-CH 
Mean squares 
Sire type 1 0.15 1.36 0.63 
Dam type 1 2.05 3.06 0.11 
S X D 1 12.81* 0.84 7.07 
Years 2 14.52* 8.70* 2.96 
Error 6 2.05 1.14 2.56 
Percent of variance components 
Sire type 0.0 1.18 0.0 
Dam type 0.0 9.44 0.0 
S X D 40.98 0.0 35.73 
Years 35.62 55.75 2.16 
Error 23.40 33.63 62.11 
* 
P <0.05. 
of the light breed are carriers of genes that interact to produce larger 
egg size in cross progeny. 
Parameter Estimates 
Contribution of effects to each trait 
Results in Table 34 show that the sex chromosome of the light breed 
(Z^) delays sexual maturity nine days, or alternatively that the sex 
chromosome from the heavy breed hastens maturity by nine days. The 
maternal breed effect (M^) of the light breed dam would enable progeny 
to mature nine days earlier; on the other hand, the autosomal effect (A^) 
shortens maturity by 11 days in purebred progeny. Because of heterotic 
effects (H), maturity would be hastened by 14 days in cross progeny. 
On the basis of the estimates, progeny of the light sex chromo­
some (Z^) from a heavy breed dam (M^) would show no change in maturity 
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Table 34. Parameter estimates for sexual maturity and for part and 
total hen-day egg production 
Sexual Part record Total record 
Diallel maturity production production 
Effect Parameter set (days) (%) (%) 
Mean (i PX 192 64.8 54.7 
Sex chromosome PX,CH 9 -2.4 -2.4 
Maternal M^ PX 9 -1.0 -2.8 
Autosomal A^ PX -11 2.7 2.8 
Heterosis H PX -14 1.4 5.5 
Sex chromosome CH -4 1.1 0.0 
except from heterosis (Ê). For example if the equation 
*12. = H + %! + Kg + *1 + *2 + H 
represents the offspring from light breed sire x heavy breed dam 
(FA X WE), then the PX pooled average of Table 12 can be represented by 
178 = 192 + 9 + (-9) + (-11) + 11 + (-14). 
The estimated autosomal effects were the largest in the part record 
A 
production. For the purebred progeny the estimated autosomal effects (A ) 
for egg production were offset by the estimated sex-linked effects (Z.). 
On the other hand, the maternal effect (M^) was not offset by the eex 
chromosome effect in the F crosses as was the case in sexual maturity. 
However, the estimates for M and A may be largely sampling errors rather 
than truly parameter effects. Thus, these estimates can only be regarded 
as highly tentative. 
As might be expected, the autosomal effect has a major influence on 
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Table 35. Parameter estimates for body weight at 8, 22, 32, and 55 
weeks of age 
Diallel 8 week 22 week 32 week 55 week 
Effect Parameter set (gm.) (lb.) (lb.) (lb.) 
Mean jj. PX 680 3.61 4.05 4.34 
Sex chromosome PX,CH -9 -0.08 -0.02 0.03 
Maternal PX -14 -0.08 -0.07 -0.06 
Autosomal PX -52 -0.28 -0.24 -0.32 
Heterosis H PX 40 0.20 0.07 0.12 
Sex chromosome CH -12 0.03 0.01 -0.01 
Table 36. Parameter estimates for shank length, mortality, and egg 
weight 
32 week 55 week 
Diallel Shank Mortality egg wt. egg wt. 
Effect Parameter set (cm.) (%) (gm.) (gm.) 
Mean n PX 7.70 17.9 50.6 57.9 
Sex chromosome PX,CH -0.04 -0.2 0.4 0.3 
Maternal M^ PX -0.03 5.2 -1.3 -0.2 
Autosomal A^ PX -0.02 -7.9 0.5 -0.1 
Heterosis H PX 0,08 0.5 0.9 0.8 
Sex chromosome CH -0.03 0.0 -1.2 -1.0 
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body weight (Table 35). Heterosis seems to have a substantial effect on 
body weight only at the earlier ages of 8 and 22 weeks. Maternal effects 
and sex chromosome effects were not as large as the autosomal and heter­
osis effects; however, the maternal effect was larger than the sex chromo­
some effect. 
For shank length, heterosis was the largest estimated effect (Table 
36), while the remaining effects were small. For mortality, both mater­
nal and autosomal effects were large but had opposite signs leaving 
a net effect of only -2.7 percent for the autosomal effect (A^) in pure 
FA progeny. 
Egg weight showed a consistent heterosis effect (Table 36). For 
32 week egg weight, the estimated maternal effect was large, but in the 
A A 
purebred progeny this is cancelled by the joint estimate of Z and A.. 
A 1 i 
The remaining estimate would still reduce the egg size of the FA 
progeny by approximately 0.4 gm. 
The assumption that the W sex chromosome has a zero effect may not 
be correct. In traits such as 8 week body weight (Table 35), the mater­
nal breed effect would be only -2 days if corrected for W. The maternal 
effect would be zero for shank length and 32 week egg weight (Table 36) 
if corrected for the W chromosome effect. 
Relative contribution of effects 
The sex chromosome appears to be of greatest importance in its 
contribution to the variation in sexual maturity and egg production 
(Figure 3). For maturity the ratio (in percent) was 4,7, for part record 
production 3.7, and for total record production 4.3. The sex chromosome 
seems to have its greatest effect on body weight in early age. Thus, its 
contribution to variation at 8 and 22 weeks was greater than at 32 and 55 
weeks of age. Sex chromosome effects were small and insignificant for 
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Figure 3. Relative importance of sex chromosome, maternal breed, auto­
somal breed, and heterosis effects for various traits 
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the remaining traits (shank length, mortality, and egg weights). 
The relative contribution of the maternal effect to mortality was 
high (29 percent), while to sexual maturity, total production, and to 
32 week egg weight was moderate (3 to 5 percent). 
The autosomal breed effects (Figure 3) had a greater relative 
influence on the performance traits than the sex chromosomes. This would 
be expected since most of the genetic differences between the pure breeds 
should be found in the autosomes. The greatest relative autosomal effect 
was found for mortality (44 percent) followed by body weight (from 6 to 
8 percent). Differences between breed autosomes were approximately 4 to 
6 percent for sexual maturity and hen-day production, while autosomal 
effect for shank length and egg size were small (0.3 to 1.0 percent). 
The relative effect of heterosis (Figure 3) appeared not to be 
consistent, although the range was not as extreme as that for maternal 
and autosomal effects. Shank length seemed least influenced by heterosis 
while total record hen-day production appeared to be the most influenced 
(10 percent). 
Decline of heterosis 
Heterosis for body weight seems to decline after reaching a maximum 
at approximately 8 weeks of age (Figure 4). The linear decrease was 0.17 
percent for each week increase in age. However, this decrease was not 
statistically significant; probably this may be accounted for by the 
high year-to-year variation in 32 week weight. 
64 
YEAR 
• 1967 
«1968 
A1969 
CO 
CO 
o 
CE: 
LU 
LU 
L_) 
Od 
b= -0.17 
WEEKS OF AGE 
HETEROSIS = 100 MEAN 
[MIDPARENT 
Figure 4. Effect of age on heterosis ia body weight 
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DISCUSSION 
Validity of Assumptions 
This was a preliminary study to determine the possible importance 
of sex-linkage in the genetic variation of quantitative traits. For 
this study only two breeds were used; these differed markedly in their 
expression of quantitative traits as well as the sex-linked morphological 
markers. By our system of mating, the sex chromosomes of the pure breeds 
were allowed to segregate intact so that two chromosome sources were 
compared. Strictly speaking, therefore, conclusions drawn from this 
study would be applicable only to the two breeds represented in this 
study. A similar study at Iowa State University is being initiated 
between the same "heavy breed" used in this study and a Leghorn popu­
lation to pursue further the question of sex-linkage in relation to 
performance with special emphasis on mortality. 
The main idea in developing the segregating sex chromosome line, CH, 
was that maternal breed effects and inter-breed heterosis which would be 
expected in crosses, would be eliminated from the population. By so 
doing, an unconfounded estimate of sex chromosome influence was obtained. 
However, this required the assumption that dams of the CH line differed 
only by the segregating intact sex chromosome of the light breed, FA, or 
of the heavy breed, WE. Thus, the gene frequencies of the autosomes 
should differ only by random drift between the two segregating chromosome 
types. 
The evidence for no inter-breed heterosis in the CH line was sub­
stantiated by the small and insignificant sire x dam type interactions 
for all traits In all years. On the other hand, as expected, the 
analysis of the FX diallel set demonstrated significant heterosis for 
sexual maturity, hen-day egg production, body weight, and egg weight. 
Such heterosis would be expected if the pure breeds differed in autosomal 
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gene frequencies. In an F cross the degree of heterosis can be defined 
2 
as the sum of the gene frequency difference squared (q^ - q^) for each 
locus multiplied by the dominance effect d.: 
" 2"" 
H = I (q - qp d . 
1 i = 1 ^ 
Thus,.heterosis is also dependent on directional dominance since no 
heterosis would be observed if some loci are dominant in one direc­
tion while other loci are dominant in another (Falconer, 1960). 
The error term used to test the significance of the mean squares 
for sire type, dam type, and the sire x dam type interaction consisted 
of the year replication x type interactions. Although types were con­
sidered fixed, the sires chosen to represent types were random. The 
error term for the CH set would thus be dependent on the year to year 
chance variation in the complement of gene frequencies of the two breeds. 
The expected complement would be 50 percent autosomes of each breed. By 
integrating females in the breeding scheme of the CH line each year, 
chance deviation of autosomes from "50-50" expectation would be minimized 
The error term might also have been inflated by possible genotype 
X year interactions. Although all offspring were reared intermingled, 
they may not have been uniformly exposed to the environmental effects of 
pathogens, temperature, feed, et cetera to which one genotype may respond 
differently than another. This factor, however, would have tended to 
make for fewer statistically significant sire type and dam type mean 
squares. 
Effects 
Sex chromosome effect 
The traits showing the greatest influence from the sex chromosome 
were age at first egg, part record egg production, and body weight at 
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8 weeks of age. Evidently the sex chromosomes of the heavy breed, WE, 
seemed to be more favorable to production than those of the light breed, 
FA. However, total egg production, and body weight at 32 and 55 weeks 
did not show a significant advantage of the WE chromosome. This suggests 
that the WE sex chromosomes exert their influence early in development. 
That is, the more rapidly growing birds would attain their productive 
capabilities earlier. For example in this study, pullets with the WE 
sex chromosomes matured 10 to 14 days earlier and egg production for the 
part record was higher than birds with the FA sex chromosomes. Also at 
8 weeks of age those with the WE chromosomes were growing faster. The 
later maturing birds with the FA sex chromosomes never reached the level 
of production of birds with the WE sex chromosomes in the CH diallel set. 
However, the differences in production were not statistically significant; 
seemingly the later maturing FA chromosome type birds laid more persist­
ently. 
In the PX diallel set, the part record hen-day production was three 
percent higher for the WE x FA cross compared with the reciprocal cross; 
this further substantiates the advantage of the WE sex chromosome on 
early maturity. Differences between reciprocal crosses were not demon­
strated for age at sexual maturity or 8 week body weight in the PX diallel 
set. Thus, the favorable sex-linked effects appeared to be offset by un­
favorable maternal effects in the F^ reciprocal crosses as would be the 
case if the advantages of the heavy type sex chromosome were reduced by 
maternal factors of the light breed. 
Maternal breed effect 
In this study, no direct test for statistical significance could be 
made for a maternal breed effect. Also the indirect estimate made of the 
maternal breed effect may be an underestimate. First, maternal effects 
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were estimated by adjusting for autosomal breed differences, vAiich in 
many cases were large. Secondly, the estimated maternal breed effects 
would be subject to large sampling errors due to the nature of estimation. 
For example, since 
M = 1/2 ( (X - X ) - ( (X - X ) - (Y - Y ) ) ) 
J. «i.» •  ^ t # # it * t 6 * # 
the Var (M^) would be 
1/4 (Var(X ) + Var(X ) + Var(X ) + Var(X ) + Var(Y ) + Var(Y„ )) 
• Xa # 6 # i. # » Z. 9 • !.«* Z # # 
plus some covariances that could make the sampling error larger. Yet in 
six of the 11 traits studied, the estimates of the maternal breed effects 
were large or larger than the sex chromosome effects in the PX diallel 
set. For sexual maturity, the estimate of the maternal effect of the FA 
breed of -14 days more than offset the estimated advantage of the WE 
sex chromosome (9 days). 
The results of the first two years, 1967 and 1968, indicated some 
maternal effect on mortality; dam types with high mortality tended to 
produce progeny with high mortality as shown in Table 37. However, 
Table 37. Parent and offspring mortality (percent) 
1966 1967 1968 1969 
4.0 12.8 
a 
5.5. 20.9 
a 
D 
11.6 7.1 
a 
b 
22.2 15.9 
a 
~"b 
10.3 8.8 21.4 
"""K 10.3 28.0 12.4 u 
u 
32.3 21.0 12.9 
D 
32.3 20.2 8.3 
No progeny produced. 
Mortality data not available. 
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this is not borne out by the results seen in the 1969 test year. In 
Table 37 the progeny mortality percentages are placed adjacent to their 
dam's mortality of the previous year. 
A maternal effect or a W sex chromosome effect seemed to influence 
egg weight at 32 weeks of age. For all three years in the PX set the 
FA X WE cross had larger eggs than the reciprocal crosses. This suggests 
possible W chromosome linkage favoring the light type sex chromosome 
except that in the CH diallel set the progeny of FA x WE dams (light 
type) had larger eggs than progeny of the WE x FA dams (heavy type). If 
egg size is not influenced by a maternal breed effect, it is possible 
that the W sex chromosome has an effect as suggested by Lerner and Taylor 
(1943). In the PX diallel set, the W sex chromosome effect is not sep­
arable from the maternal breed effect. On the other hand in the CH set, 
the dam type difference represents a W sex chromosome effect, but the 
dam type difference in the CH set might well be an expression similar 
to the plasmon effect reported by Allen (1962). Allen's study, however, 
assumed a ZO female sex chromosome constitution rather than a ZW. If 
plasmon inheritance is interpreted as uninterrupted inheritance from 
dam to daughter, then the W chromosome effects would mimic plasmon con­
tribution which Allen (1962) reported in pullet progeny. Furthermore, 
the interaction of sex chromosome and plasmon, as reported by Allen 
(1962), for mortality could be an interaction of genes in the Z and W 
chromosomes. 
Autosomal breed effect 
Although there was a substantial autosomal breed difference for 
sexual maturity and egg production, the greatest difference was in body 
weight. Apart from the sex chromosome effect on 8 week body weight, 
the WE breed also seemed to contribute dominant genes for body size. 
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The body weights of the crosses at 8, 22, 32, and 55 weeks of age 
were not significantly different from those of the pure heavy breed, 
WE, but they were significantly heavier (P < 0.05 for 8 and 22 week; 
P < 0.10 for 32 and 55 week) than the light breed, FA. Punnett (1923) 
showed that body weight of crosses between the large Hamburg breed and 
the small Sebright Bantam approached that of the larger parent. Also 
Cock and Morton (1963) and Hale and Clayton (1965) found body weights 
in reciprocal crosses were consistently nearer the heavier parent. On 
the other hand, Wearden e^ aJL. (1965) reported intermediate body weights 
at 20 and 40 weeks of age for crossbred progeny of Rhode Island Red and 
White Leghorn breeds. Eisen _et £l. (1967) reported cross progeny at 8 
weeks of age to be closer to the heavier parent but at 55 weeks the body 
weight of cross progeny was intermediate to the parents. 
Heterosis 
Heterosis was defined in this study as the superiority of an F 
1 
cross over the midparent average. Thus, for body weight at 8 and 22 
weeks there was evidence of heterosis but not for body weight at maturity. 
The disappearance of heterosis at maturity may be the result of the con­
vergence of growth curves as illustrated in Figure 5 . Early maturing 
birds gain relatively more early in life (shown by the solid line in 
Figure 5), while later maturing birds gain relatively more as they 
approach maturity (shown by the dotted line in Figure 5). 
Growth of the F^ progeny would correspond closely to the solid line 
in Figure 5 since the F^ reciprocal crosses were characterized by heavy 
weight at the early ages. The pure light breed, FA, would correspond to 
the dotted line since the FA, initially slow gainers, were therefore 
light weight at the early ages. On the other hand, the growth curve for 
the midparent average would also resemble the dotted line since WE and FA 
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Figure 5. Rates of growth of early and late gaining birds 
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pure lines were averaged. Although the WE breed is no different from the 
crosses for growth rate, the average of WE and FA would be lower than 
the average of the F^ crosses at early ages; however, the WE and FA 
average approaches the F^ cross average near the time of maturity due 
to the growth rate of the FA breed. 
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SUMMARY AND CONCLUSIONS 
The influence of the sex chromosome on quantitative traits was 
studied by analyzing sex chromosomes from two distinct sources that 
differed markedly in performance and morphological markers. The first 
source was a light weight breed, the Fayoumi (FA), imported from Egypt 
which had sex chromosomes genetically identifiable by silver and black 
plumage, green shanks, and slow feathering (S, id, b, K). The second 
source was a synthetic, heavy weight breed (WE), developed by crossing 
the Barred Plymouth Rock with the Rhode Island Red. The sex chromosomes 
were genetically identifiable by gold barred plumage, yellow shanks, and 
fast feathering (^, Id, B, k). For convenience, FA and WE were referred 
to as the light breed and the heavy breed respectively while sex chromo­
somes from these were identified as "light type" and "heavy type" based 
on the plumage and shank color. 
The two sex chromosome sources were initially crossed reciprocally 
and the F^ pullets were then backcrossed systematically to the light and 
heavy breed sires to establish a segregating sex chromosome population 
(CH line) in which crossovers between sex chromosomes were within chromo­
some types and never between chromosome types. Matings were by a diallel 
system in which both contrasting sire types were mated to both contrast­
ing dam types. The resulting line allowed the sex chromosomes to segre­
gate "intact" yet there were no maternal breed effects or inter-breed 
heterosis present due to an equal autosomal constitution from the original 
breeds. Furthermore, to maintain an equal autosomal constitution, F^ 
females were used to produce the test pullets, yet sires were always of 
intra-line origin. Thus, inter-type comparisons could be made intra-
line. 
Each year, ten sire pairs of contrasting sex chromosome type were 
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mated artificially to 40 dams of each sex chromosome type to produce 
approximately 400 pullets. In the three year study, 1238 records were 
analyzed from the segregating sex chromosome line (CH) . 
Based on comparisons of the two chromosome types in the CH line, 
the Z sex chromosome from the heavy breed (WE) reduced age at sexual 
maturity, increased part record egg production, and increased juvenile 
body weight. The W sex chromosome had some influence on sexual maturity, 
but not as much as the Z chromos (me. Although not statistically signif­
icant, there was a definite trend for 32 week egg weight to be increased 
by an interaction of the Z sex chromosome originally from the light 
breed (FA) and the W sex chromosome originally from the heavy breed (WE). 
Each year, four to eight sires of each pure breed were mated to at 
least 50 dams of each pure breed to produce approximately 100 pullets 
of each pure breed, and 100 pullets of each reciprocal cross. Thus, 
in the three year study there were 1131 individual records summarized 
for the two pure breeds and their F^ reciprocal crosses. Therefore, 
attempts were made to estimate maternal breed effects, autosomal breed 
effects, and heterosis. 
The body weights were influenced primarily by breed differences 
attributed in thi: study to the autosomes. Factors for early growth rate 
were characteristic of the heavy breed (WE) and appeared to be dominant 
in both the FA x WE and the WE x FA crossbred progeny. Although the 
light breed (FA) was initially slow growing, the FA breed appeared to 
have some compensatory growth factors which were expressed near the 
time of maturity. 
Each year the F^ cross progeny receiving the Z sex chromosome from 
the light breed sire (FA) and the W sex chromosome from the heavy breed 
dam (WE) had heavier 32 week egg weights than did the reciprocal crosses. 
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Such epistatic interaction appeared also in the segregating sex chromo­
some line. 
Maternal breed effects resulting from size difference of the pure­
bred dams or contrasting genetic makeup appeared to compensate for any 
sex chromosome influence on the juvenile body weight and the sexual 
maturity traits in the crossbred progeny. 
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